Near-surface geophysical imaging of alluvial fan settings is a challenging task, but crucial for understating geological processes in such settings. The alluvial fan of Ghor Al-Haditha at the southeast shore of the Dead Sea is strongly affected by localized subsidence and destructive sinkhole collapses, with a significantly increasing sinkhole formation rate since ca. 1983. A similar increase is observed also 
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was a 7 kg sledgehammer. Then, hydrology and hydrochemistry work was accompanied by extended seismic refraction (orange lines in Fig. 1b ) and ground penetration radar (GPR) surveys in February 1999 (Sawarieh et al., 2000, Abueladas and Al-Zoubi, 2004) . Seismic equipment was a 350 kg weight drop source and a Bison Geopro 8024 24-channel recorder (10 m geophone interval). The refraction seismic surveys indicated the thickness of the alluvial deposits of more than 70 m, a possible salt intrusion body 190 below (at least 70 m deep) at one profile location (profile 5 of Sawarieh et al., 2000, Fig. 1b) , and also Solid Earth Discuss., https://doi.org/10.5194/se-2018-22 Manuscript under review for journal Solid Earth Discussion started: 25 April 2018 c Author(s) 2018. CC BY 4.0 License.
sinkhole-causing cavities at relatively shallow depth (less than 20 m). Except the one location suspected for a salt intrusion body, the seismic velocity of the deepest refractor below 40-50 m depth was reported to vary from 2245 ms -1 to 3300 ms -1 in all profiles, and seismic velocities above this are in general less than 2500 ms -1 . Unfortunately, the acquired seismic data of the 1994 and 1999 campaigns are 195 irrecoverable.
Soon after the 1999 surveys, Batayneh et al. (2002) applied GPR to assess the potential of sinkholes of the Ghor Al-Haditha area and to determine the location of the filled sinkhole features within relatively dense and more resistive materials. Barjous et al. (2004) et al. (1999) and Rix and Leipski (1991) , where L is the total source-receiver spread length of 120 m.
Results of profile 3 (magenta line 3 in Fig. 1b) show shear wave velocities of mainly less than 400 ms -1 215 from surface to Zmax, while profile 4 (magenta line 4 in Fig. 1b ) images a high velocity layer of more than 800 ms -1 from nearly 30 m depth to Zmax, which was interpreted as the shallow salt layer. A reflection seismic analysis result of profile 4 in Ezersky and Frumkin (2013) shows no reflection response of the proposed shallow salt layer, however. Refraction tomography analysis results are reported to be of insufficient resolution (Camerlynck,et al., 2012) and are later on shortly mentioned in Ezersky et al.
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(2017) only.
Three further MEMR geophysical surveys undertaken in 2009 and 2010 with GPR, Electrical Resistivity
Tomography (ERT) and Time Domain Electromagnetic (TDEM) with NanoTEM technique, provide the most recent information about the sinkhole area in Ghor Al-Haditha (Alrshdan 2012) . These newer results depict geological and groundwater conditions, the salt-to-freshwater interface, and the limits of safe and 225 vulnerable zones. Alrshdan (2012) also discusses the mechanism of sinkhole formation suggesting that the freshwater inflow acts as the major player, which dissolves cementing evaporite minerals and the fine materials within the alluvial fan, leaving weak alluvial layers and cavities which develop to sinkholes later on.
Solid Earth Discuss., https://doi.org/10.5194/se-2018-22 Manuscript under review for journal Solid Earth Discussion started: 25 April 2018 c Author(s) 2018. CC BY 4.0 License.
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mapping of the postulated salt layer, its morphology, and synclinal structures expected at its top, we started high-resolution shear wave reflection seismic surveying in 2013 at Ghor Al-Haditha.
Shear wave reflection seismic equipment and survey
A shear wave landstreamer (Inazaki, 2004 , Pugin et al. 2004 , 2007 consisting of 95 transverse horizontal (SH) geophones (10 Hz resonance frequency) in 1 m intervals was used as receiver unit,
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connected to a Geode (Geometrics Inc., 4 units of 24 channels each) recording system. Transverse horizontal (SH) waves were generated by the seismic micro-vibrator source ELVIS (Polom et al. 2011 , Krawczyk et al. 2012 , Polom et al. 2013 . Figure 3 shows the equipment in operation on site. The small size (nearly 1.5 m
3
) and weight (nearly 600 kg) of the whole equipment enabled air cargo transportation to Jordan.
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Figure 3: Photos of the shear wave seismic reflection acquisition campaign carried out in October 2013.
(a) Wheelbarrow-mounted shear wave source system on asphalt pavement at start location of profile 2.
(b) Recording car, towed land streamer and source during operation on profile 3. (c) Land streamer towed by the recording car during acquisition on profile 2. Colour paintings on the road surface were used for location numbering along the profiles. (d) Sledge-mounted horizontal geophone in SH (particle 245 movement perpendicular to profiling direction) configuration along profile 3.
The source signal (sweep) was set to Hz during the survey extension in 2014) linear frequency modulated of 10 s duration (Crawford et al., 1960) . Data recording was set to 12 s duration and stored uncorrelated to enable processing of uncorrelated data later on, if required. In the field, vibroseis 250 correlation processing was applied for immediate quality control. After initial tests on site, the source interval was set to 2 m to increase the statistical redundancy due to challenging, disturbed subsurface records (9.14 Gb) at 1144 source locations were recorded along 2.1 km of profile length (see profile locations in Fig. 4 ). (1995) ). Older refilled sinkholes are denoted by brown circles (after El-Isa et al. (1995) ), blue circles (after Sawarieh et al. (2000) ), and orange circle (after Bodet et al. (2010) ). The dotted black polygon marks the updated outline of the main sinkhole and subsidence area after Al-Halbouni et al. (2017) .
A variable split-spread source-receiver configuration was applied to enable geometry optimization for the 265 detection of dipping structures, and to facilitate workarounds due to obstacles in the profile track. To reduce the proportion of Love surface waves during recording, profiles were carried out mostly either on asphalt paved roads or on dirt roads covered by compacted gravel, so that high shear wave velocities at the surface disable the excitation of Love surface waves. In 2013, geodetic surveying of the profile tracks was performed by using a handheld GPS system. Without differential GPS corrections, the final 270 positioning of the profiles from the 2013 campaign required laborious optimizations by manual corrections based on the known distances along the receiver units. Reliable elevation data could not be restored. During the 2014 campaign, the positioning method was improved by using a Differential GPS system, leading to precise elevation data of 10 cm horizontal and 15 cm vertical error. profiling and the road surface was in good condition.
In the Northeast sector of the profile, close to the main sinkhole area, a typical scattering of the wave propagation is visible. The wave propagation behaviour is mostly asymmetric regarding the receiver distance to the source position, which indicates heterogeneous subsurface structures. In the middle sector,
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even though an asphalt surface pavement of apparently continuous integrity, Love wave propagation was partly indicated (note area of Love wave reverberations marked on Fig. 5 road quality along profile 2b-2 did not differ to that of the southwest sector of profile 1, and both roads are of obviously similar age. 
Data processing
Reflection imaging was carried out by following a general processing sequence described by, e.g., Krawczyk et al. (2012) and Polom et al. (2013) Background of data processing applied is reported in Aki and Richards (1980) and Yilmaz (2001) .
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Since Love wave reverberation patterns are a widely observed disturbance effect in the whole data set (c.f., Fig. 5 ), elimination of such patterns was one of the main processing steps undertaken to enhance the desired reflection response. This required several iterative loops during the main processing sequence to improve the final result. The main data processing was carried out in two iteration sequences mainly by using VISTA 10.028 (GEDCO Inc., Calgary, CA) seismic data processing software. The first sequence 320 was carried out to establish the main database and to extract the main structures in the data. In the second iteration sequence, the time section results were used to improve the processing flow in detail towards the specific reduction of imaging artefacts and to stabilize the processing velocities for later use during depth conversion. It included reduction of harmonic distortions in the near source area and Vibroseis Spectral 
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results of the velocity analysis were improved to derive final depth sections by using a mean 1D velocitytime function (shown in Fig. 7 ) for all profiles. Because of these general improvements, some structures in the near surface down to 50 m became weaker than in the first iteration. This is a compromise result of combining shallow velocity results affected by wave propagation along irregular, non-straight ray paths (due to the disturbed shallow subsurface structure) with more regular straight ray path responses from 330 deeper levels (later travel times).
5. Resulting depth sections and structure correlations The main NE-SW-trending profile 1b has transparent and strongly layered segments between ground surface and 200 m depth (Fig. 7) . The depth section of profile 1b refers to a reference level of -367 m a.s.l. and it includes annotations of joints to the other profiles, remarks about the surrounding area (top), and information on the road construction (bottom). The location of borehole BH1 which is nearly 10 m 345 SE of the profile is projected perpendicularly into the profile and shown with a simplified lithology (see (elastic parameters and density) and hence in shear wave seismic velocity.
The main area of sinkhole activity is located immediately northwest of profile 1 (see Fig.4 ). This activity has strongly affected the road construction along this part of profile 1b, northeast of its intersection with profile 3 (Fig. 7) . A depression with several fractures is visible here along the road surface ( . This is spatially associated with a local depression and related cracks in the road. At least one sinkhole formed directly adjacent to this part of road prior to 2000 (Sawarieh et al., 2000) and was subsequently filled in. Along profile 2b-2, at profiling position 125 m, a striking stack of bowl shaped structures is visible from the surface down to nearly 75 m depth. Along this part of the profile and for at least 300 m on either side of it (i.e. towards NE and SW) no sinkhole activity was reported in the past.
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The combined depth sections of profiles 3 and 3b-2 are shown in Fig. 9 . The boreholes BH1 and BH2 are again projected perpendicularly to the profile plane, in this case over a distance of nearly 420 m from their true positions further SW, and so they may only indicate a lithological tendency. (Fig. 8) . The main reflection pattern signature is similar to profile 2 and 2b-2, showing NW dipping events. In the SE of the profile a V-shaped structure is visible close to surface, filled with nearly horizontal reflection events, which is interpreted as a refilled channel side-cut. Due to the wide subsidence area NE of profile 3 the top of the "silt and clay" layer (blue line) was continued to NW starting from profile 1b instead using the projection of BH2.
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Profiles 3 and 3b-2 were acquired on a gravel farm track and on a gravel path, respectively, both close to a parallel drainage channel. A 250 m long segment of the farm track along profile 3 was refilled extensively in the past. The main area of sinkhole activity lies immediately northeast of this refilled section of profile 3 (see Fig. 4 (Fig. 2) . Blue markers included along the borehole shafts in Fig. 11 determine the top of the "silt and clay" layer below the alluvium sequence consisting of gravel and sand. Since this 460 "silt and clay" layer is the only one detected in the lithology bars of the boreholes that is prone to act as an aquiclude sensitive to subrosion, and it also fits the general structural dip, it was obvious that this layer probably extends across the whole area. To interpolate the top of this layer in space (light blue colour in Fig. 7-10) , it was traced from borehole BH1 along profile 1b and profile 1, from where it was further continued to profiles 2 and 2b-2, profiles 3 and 3b-2, and profile 4, with respect to the perpendicular 
Discussion
The shear wave reflection seismic survey acquired at the Ghor Al-Haditha sinkhole site in 2013 and 2014
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was the first comprehensive shallow seismic investigation of the sinkhole phenomena area since the refraction seismic investigation campaigns carried out by El-Isa et al. (1995) and Sawarieh et al. (2000) , respectively. The results presented here show the advantageous imaging capabilities of the method regarding high-resolution structural analysis and depth penetration compared to common refraction seismic methods or common P-wave reflection analysis. In this section, we discuss firstly the general 485 outcomes of our application of the S-wave reflection method to an alluvial fan setting and secondly the implications for the nature of processes leading to sinkhole development at the Ghor Al-Haditha site.
1 The application of the shear wave reflection seismic technique to alluvial fan setting
The S-wave reflection method is especially advantageous in the area close to the Dead Sea border, because wave propagation is restricted to the matrix only, and so it is not affected by the pore space 490 content, whether that is air in the shallow unsaturated zone or fresh-or salt water in the deeper parts below the ground water level. Therefore the groundwater level itself does not act as a physical interface during wave propagation, as it is in general the case for common P-wave methods. In the S-wave profiles acquired in the area, no influence and no response of the ground water level to the wave propagation was detected. Furthermore, wave propagation velocities of S-waves (Vs) are in general significantly smaller 495 than those of P-waves (Vp). The Vp/Vs-ratio ranges from nearly 1.7 for an ideal elastic medium (e.g. perfect consolidated rock) to more than 10 (Yilmaz, 2015) alluvium and soft clays). This leads to a significantly improved resolution when using S-waves, depending on the grade of matrix consolidation. In the case of the Ghor Al-Haditha site, this results into a resolution improvement factor of 8-10 below the ground water level, when one postulates a similar 500 seismic signal frequency bandwidth for P-and S-waves.
The success of the application to the alluvial fan setting at Ghor al-Haditha is seen in the well-resolved shallow subsurface structure imaged in the seismic profiles, which show in general mainly NW dipping (i.e. lake-ward-dipping) reflectors typical of a prograding alluvial fan sequence into a lacustrine environment. The internal structure is complex and includes typical fan-delta elements such as topsets,
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foresets, and indications of bottomsets. Especially profile 2 in Fig. 8 shows typical dip structures of a Gilbert-type delta (Gilbert, 1885) . Intercalated, more-horizontal structures indicate lacustrine deposit layers. The topset structures, the intercalated lacustrine deposit layer and the dip directions fit the lithology of both boreholes BH1 and BH2, which show NW-dipping alluvial sand and gravel above an obviously lacustrine-type deposit denoted as "silt and clay" (Fig. 2) . Below the blue line ( Fig. 7-10 lacustrine deposits may be a mechanism for inclusion of soluble fine material in the alluvial fan structure.
Furthermore tectonic induced level variations of the whole fan structure, caused by the sinistral transform fault movement, cannot be excluded.
Since wave propagation is controlled by the matrix only, effects of grain size coupling play a key role in 520 the wave propagation of S-waves in contrast to P-waves. In contrast to P-wave velocity, which usually increases with depth in the case of a fluid-saturated pore space, S-wave velocities often decrease with depth, e.g., if the grain cementation reduces or the pore pressure increases with depth, respectively, as both factors result in reduced grain contacts. A further reason for velocity function decrease with depth is the influence of a high-velocity layer at the surface, which is the case operating on an asphalt road 525 surface. This effect is visible in the 1D velocity-depth function in Fig. 7 in the range 0-10 m below ground surface. Diminished grain coupling can also arise from mechanical damage, e.g. by fracturing, subsidence and subrosion, which leads to breaks in the direct (geometrical) wave paths. In contrast to Pwaves, where such breaks may be short cut due to the wave propagation through the pore fluids, decoupling between grains causes additional paths for S-waves, leading to enhanced wave energy 530 scattering and an apparent velocity reduction.
In the Ghor Al-Haditha data, enhanced wave energy scattering was observed in areas close to sinkhole activity, leading to transparent zones of weak reflectivity in the seismic sections (e.g., Fig. 7, 9 ). In the northeast part of profile 1b in Beside the transparent zones of strong wave field scattering, buried syncline structures imaged in profiles 2b-2 (Fig. 8) , 3b-2 (Fig. 9 ) and profile 4 ( The effect of apparent velocity reduction was also observed, leading partly to irregular interval velocities values less than zero. Whereas this velocity problem is of minor importance for the CMP stacking,
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processing the velocity functions of the individual profiles required careful handling during the time-todepth conversion. Since the discrepancies could not be eliminated due to missing additional velocity information, e.g. by well logging, the final depth conversion was carried out by using a stabilized 1D velocity function for all profiles (Fig. 7) , derived as mean function from profile parts with sufficient reflection responses. Therefore, the resulting depths have to be handled with an estimated error range of 550 up to 20%.
As well known in hydrocarbon exploration and shallow seismic operations using the seismic refraction, size derived from the boreholes are in principle poor, and no information is available below the borehole bottoms due to the missing well logging. The alluvial fill rate can be estimated relatively by the borehole lithology profiles and by the seismic structure dips, but must be handled with care since geochronological 560 data are limited and the area is close to an active, main sinistral strike-slip transform fault. It is to be expected beside the lake level variations that tectonic overprints may have changed the whole sedimentation structure over time, even though there was no main fault structure detected in the seismic data.
In summary, the S-wave reflection seismic method achieved advantageous high-resolution imaging 565 results of the alluvial-lacustrine deposit structure at the Ghor Al-Haditha sinkhole site, which are superior to common near-surface seismic investigation methods. The favourable velocity-frequency relationship of the resulting wavelets and the absence of pore fluid effects enabled a meter-scale resolution and a nearly 200 m penetration depth. Furthermore, and unlike the refraction method, the shear wave reflection method is independent of an obligatory increasing velocity-depth function. In the case of the sinkhole 570 affected subsurface structure at Ghor Al-Haditha, where strong vertical and lateral subsurface inhomogeneity occurs, it is not free from shortcomings, and, similar to other geophysical methods, it requires borehole calibration to verify precise depth imaging, especially. 
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( Fig. 7-10 be handled with precaution. The strong lateral Vs inhomogeneity reported (Bodet et al., 2010 ) is additionally in contrast to the required 1D layer structure along the spread; such inhomogeneity is well known to cause impaired inversion processing results for the MASW method (Forbriger, 2003) .
Due to the significant difference in propagation velocities of P-and S-waves, the S-wave velocity results in this study are not comparable to the P-wave refraction velocity results of the previous studies of El-Isa Fig. 1 ) of 615 Sawarieh et al. (2000) , in the northwest outside the study area of El-Isa et al. (1995) and close to profile 3 of our study, Sawarieh et al. (2000) detected a P-wave velocity of 3948 ms -1 in 70 m depth, which was interpreted as a salt diapir. Directly beside their profile 5, in their profile 4 (Fig 1) , Sawarieh et al. (2000) detected a maximum velocity of 2245 ms -1 in 40 m depth. The area of profile 4 was subsequently affected since 2000 by massive sinkhole activity and subsidence, which prevented further investigation, whereas 620 the area of profile 5 remained unaffected until today (see Fig. 1 and Fig. 4 ). For the Ghor Al-Haditha site, these observations of sinkhole development are in direct contradiction to predictions of the salt layer edge model as suggested e.g. in Ezersky (2017) Figure   1b ), subsequent extensive sinkhole development as well as more distributed subsidence of several meters have to be expected in this area. Actually, this was not the case; the area has been essentially stable since 645
2006 (see Fig. 4 here and Fig. 4 in Ezersky 2013a).
The most significant horizon in both boreholes for which documentation exists is the "silt and clay" layer with its top below ground surface at 43 m in BH1 and 49 m in BH2, respectively, because this is the one detected in the boreholes that is most prone to subrosion. The drilling of boreholes BH1 and BH2 both had been stopped after nearly 2 m within this layer because it was interpreted as base of the sand and gravel sequence, and because it was supposed to act as aquiclude regarding hydrogeological aspects (ElIsa et al., 1995) . Profile 1b (Fig. 7) shows a change of the main reflection pattern at the location of borehole BH1 from nearly the top of this layer (ca. The mineralogy of the clay material in the "silt and clay" layer in BH1 and BH2 was not determined by El-Isa et al. (1995) . The clay material was only described to be of green colour, this would be an indication for illite (also called French clay), which is typically described to be of dark olive-grey colour and contains portions of potassium and water. Sawarieh et al. (2000) This solution process may be in places amplified by a physical effect well known for the so-called "quick clays" in Nordic countries (Geertsema, 2013) . "Quick clays" are originally deposited in a salt-rich marine environment in the Northern hemisphere during glaciation where they formed an electrostatically bonded 680 double-layer structure including a cation (e.g. sodium) between two clay particles. When these clays become no longer subjected to salt water conditions (due to isostatic uplifts in Nordic countries, due to decrease of the Dead Sea level in our study area) and fresh water infiltrates these clays washing away the cations, the clay particles do not remain in a stable bonded structure and change to a liquid behaviour.
Such a process was previously proposed by Arkin and Gilat (2000) for the Dead Sea sinkholes, although 685 the relatively low clay content of up to 20% detected in the fine material sediments around the Dead Sea (e.g. Khlaifat et al. 2010) indicates that such a process accounts for only a minor portion of the subrosion process. In line with Krawczyk et al. (2015) , Thirdly, even alluvial material at the subrosion interface gets washed out. The cavities extend horizontally and grow upward until the gravitation force of overlying alluvial stratum exceeds its bonding forces. This initializes a sudden sinkhole. The process is controlled by the long-term, seasonal and ephemeral movement of the salt-fresh water interface (Salameh and El-Naser, 2000, Alrshdan, 2012) , the volume of 700 the fresh water flow and its velocity, the volume of buried soluble and/or mechanically erodible material and its mechanical properties within the alluvial fan.
Conclusions
The shear wave reflection seismic study at the Ghor Al-Haditha sinkhole investigation site was the first experiment where this geophysical investigation method was applied in the environment of the Dead Sea.
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The achieved depth sections demonstrate that the technique can be applied in alluvial fan deposits in arid areas, which opens new feasibilities for shallow subsurface exploration of the Dead Sea sinkhole problem in high-resolution. El-Isa et al., 1995 , Sawarieh et al., 2000 and MASW (Bodet et al., 2010) 980 profiling. Boreholes BH1 and BH2 are reported in detail by El-Isa et al. (1995) , two other boreholes are reported by Bodet et al. (2010) Shear wave reflection seismic at Ghor Al Haditha -p. 33 top of the "silt and clay" layer in BH1 is shown as the blue line along the profile, since it is the first layer detected at depth that is prone to subrosion. Also shown is the 1D shear wave velocity-depth function 1025 derived from seismic data in this area; this function was used for time-to-depth conversion of all profiles. (Fig. 8) . The main reflection pattern signature is similar to profile 2 and 2b-2, showing NW dipping events. In the SE of the profile a V-shaped structure is visible close to surface, filled with nearly horizontal reflection events, which is interpreted as a refilled channel side-cut. Due to the wide subsidence area NE of profile 3 the top of the "silt and clay" 1045 layer (blue line) was continued to NW starting from profile 1b instead using the projection of BH2. 
